Structural complexity in indium selenides prepared using bicyclic amines as structuredirecting agents Ewing, S. J.; Vaqueiro, P. , & Vaqueiro, P. (2015). Structural complexity in indium selenides prepared using bicyclic amines as structure-directing agents. Dalton Transactions, 44(4), 1592-1600. DOI: 10.1039/c4dt02819h
Introduction
Open-framework chalcogenides are of considerable interest due to their potential as multifunctional materials in which semiconductivity and porosity coexist, and have already shown promising behavior as photocatalysts, 1 fast-ion conductors 2 and for the selective ion exchange of heavy metals. 3 Moreover, the primary building units in many of these chalcogenides lack an inversion centre, and hence are ideal building blocks for non-centrosymmetric solids, which may find applications in second-order nonlinear optics. 4 Significant progress has already been made in the synthesis of open-framework indium sulfides, which are frequently built from supertetrahedral clusters. 5 In agents. In an effort to identify structure-directing agents with selectivity towards novel selenides, we have explored the use of organic superbases, and in particular, of two distinctly different bicyclic amines, 1,8-diazabicyclo[5. 4 .0]undec-7-ene (DBU) and 1,4-diazabicyclo[2.2.2]octane (DABCO). This work, which is described here, has resulted in the synthesis and characterisation of five new indium selenides (1-5) of varying dimensionality, which exhibit a number of novel structural features, including the incorporation of (Se 2 ) 2− anions and of highly unusual [Na(DABCO) 2 ] + units.
Experimental

Materials and methods
Syntheses were carried out using 23 mL Teflon lined stainless steel autoclaves. The reagents were added individually to the Teflon liner and mixed for approximately 10 minutes, prior to sealing the reaction vessel. The sealed autoclaves were then heated to a set temperature for a defined period of time. After cooling to room temperature, the products were collected by vacuum filtration and washed with deionised water, methylated spirits and acetone. 6 mmol, ≥99%, Aldrich) and dimethylformamide (DMF, 6 mL, Fisher), with the approximate molar composition 1.5 : 3 : 6 : 78, was placed in a Teflon liner, sealed and heated at 140°C for 10 days. The product contained an abundance of small brown crystals, which were identified as 3 by singlecrystal diffraction, and a small amount of orange powder. Elemental analysis: found: C = 11.51%, H = 1.90%, N = 4.25%; calc.: C = 14.02%, H = 2.52%, N = 5.45%.
Synthesis of [C 6 H 14 N 2 ][(C 6 H 12 N 2 ) 2 NaIn 5 Se 9 ] (4). This compound was prepared using In (0.1676 g, 1.46 mmol, 99.99%, Alfa Aesar), Se (0.2369 g, 3 mmol, 99.9%, Alfa Aesar), DABCO (0.6731 g, 6 mmol, ≥99%, Aldrich), 0.1 mL of 15 wt% NaOH solution and 6 mL of acetonitrile, loaded into a Teflon-lined stainless steel autoclave with the approximate molar composition of 1.46 : 3 : 6 : 0.4 : 115. The reaction was carried out at 140°C for 10 days. The product consisted of a small amount of black powder with an abundance of brown prism crystals of 4. Smaller yields of 4 were obtained when 1 mmol of a sodium source such as Na(NO 3 ), Na(COOCH 3 ), Na 2 (C 2 O 4 ) or Na 2 (CO 3 ) were added to the reaction, instead of NaOH. Elemental analysis: found: C = 12.91%, H = 2.20%, N = 4.67%; calc.: C = 13.12%, H = 2.33%, N = 5.10%.
Synthesis Se 20 ]. 3 The presence of ammonium and ethylenediamine cations in the crystal structure of 5 suggested that DABCO decomposed under solvothermal conditions. A similar decomposition of DABCO has been reported in the hydrothermal preparation of uranium fluorides. 13 Attempts were made to prepare 5 from the products of the decomposition of DABCO. For this purpose, ethylenediamine dihydrochloride (3 mmol, 99%, Aldrich) and ammonium chloride (3 mmol, 99.9%, Aldrich) were used, together with In powder (1.46 mmol), Se (3 mmol) and deionised water (3 mL) at 200°C for 10 days. This reaction gave a brownish powder where 5 was identified by powder X-ray diffraction, but no single crystals were observed. Elemental analysis for 5: found: C = 1.22%, H = 0.88%, N = 2.29%; calc.: C = 1.31%, H = 0.77%, N = 2.29%.
Single-crystal diffraction
Single-crystal X-ray diffraction data for crystals of 1-4 were collected at 100 K, whilst data for 5 were collected at 293 K. For 3, the crystal used for data collection was particularly small, despite unsuccessful attempts to optimize the reaction conditions to grow larger crystals. 
Characterisation
Powder X-ray diffraction data were collected using a Bruker D8 Advance powder diffractometer, operating with germanium monochromated CuK α1 radiation (λ = 1.5406 Å) fitted with a Bruker LynxEye linear detector. Data were collected, on a ground portion of the reaction product, over the angular range 5 ≤ 2θ/°≤ 85 with a step size of 0.009°. Lattice parameters were determined using Topas. 17 Analysis of powder X-ray diffraction data (ESI) indicates that 1-5 are the main products obtained. Elemental analysis on handpicked crystals was carried out on an Exeter CE-440 elemental analyser. Thermogravimetric analysis was performed using a DuPont Instruments 951 thermal analyser. Approximately 10 mg of finely ground crystals were heated under a flow of O 2 over the temperature range 30 ≤ T/°C ≤ 1000. Diffuse reflectance measurements were performed using a Perkin Elmer Lambda 35 UV-vis spectrometer. BaSO 4 powder was used as a reference (100% reflectance) and absorption data were calculated from the Kubelka-Munk function. 18 Infrared measurements were carried out using a Perkin Elmer Spectrum 100 ATR spectrometer.
Results
Crystal structures of 1 and 2
Although 1 crystallises in the monoclinic space group P2 1 /c, whilst 2 is triclinic (P1), their crystal structures are closely related, and consist of anionic ribbons separated by protonated DBU cations. . Charge balance is achieved through the incorporation of protonated organic amines into the crystal structure. As shown in Fig. 3 , the ribbons in 1 and 2 are aligned parallel to the c-axis, and separated by the protonated organic cations. 6− ribbons in 3 can be described as consisting of two identical one-dimensional chains of InSe 4 tetrahedra, related by a rotation of 180°, and fused to form a ribbon (Fig. 4) . This ribbon exhibits twists where the tetrahedra are connected via edge-sharing linkages (Fig. 5 ). In the crystal structure of 3, the ribbons are aligned parallel to the [101] direction and interspaced by DABCO moieties, which surround the ribbons. At each twist in the ribbon, the DABCO moiety is rotated by ∼90°with respect to the other DABCO molecules. This may be related to the presence of hydrogen- bonding interactions between the amine located at the twist and the ribbon, given the N⋯Se distance of 3.27(3) Å, which is similar in magnitude to previously reported hydrogen-bonding interactions in selenides. 6,12a,20 Charge balance requires protonation of some of the organic molecules, but the structural study is unable to establish directly the degree of protonation of the amines. Given the significantly shorter N⋯Se distance (3.27(3) Å) found for the DABCO at the twist when compared to the remaining crystallographically independent amines (>4.1 Å), the former is likely to be protonated. There are also short N⋯N distances (ca. 2.7 Å) between neighbouring DABCO moieties, consistent with N-H⋯N bonding interactions.
Crystal structure of 4
Compound 4 is the first example of incorporation of a sodium complex into a solvothermally-prepared indium selenide. The crystal structure of this material contains one-dimensional ribbons, linked into a three-dimensional structure by [NaSe 3 -(DABCO Fig. 2(b) ).
The ribbons are oriented along the [101] direction and linked into a three-dimensional network (Fig. 6(a) ) by trigonal bipyramidal complexes of [NaSe 3 (DABCO) 2 ] 5− . In this complex, sodium is bonded to three selenium atoms from three neighbouring ribbons, in the equatorial positions and two nitrogen atoms from two DABCO molecules, in the axial positions ( Fig. 6(b) ). The Na-Se distances are 2.9681(13) and 2.973(3) Å, comparable to those in Na 2 Se 2 , 21 and the Na-N distance is 2.516(3) Å, longer than the Na-N bonds in Na 3 N. 22 This might be a consequence of steric interactions between the ligands. This sodium complex is extremely unusual. The closest precedent is found in a small number of thiolates in which sodium is coordinated to N and S atoms with a coordination number of 5, but their geometry is better described as that of a distorted square planar pyramid. 23 To the best of our knowledge, examples containing selenium are not known.
To achieve charge balance, one diprotonated DABCO cation per formula unit is incorporated into the structure of 4. There are relatively short N⋯N distances between the DABCO cations and the [NaSe 3 (DABCO) 2 ] 5− complexes, of 2.705(5) Å, which imply the presence of hydrogen-bonding interactions. Although 4 exhibits a three-dimensional structure, when van der Waals' radii are taken into account there is no available porosity or free channels. This material hence consists of a dense framework.
Crystal structure of 5
Compound 5 is a rare example of a three-dimensional indium selenide. The asymmetric unit of 5 (ESI) contains seven crystallographically-independent indium atoms, all of which are tetrahedrally coordinated to selenium. The simplest secondary building block in 5 is shown in Fig. 7(a) . In this unit, tetrahedra containing In(2), In(4) and In(5) are corner-linked forming a chain. This is linked to another chain of corner-linked tetrahedra containing In(3), In(6) and In(7). The In(1)Se 4 tetrahedron caps this double chain by corner-linking to In(2), In(3) and In(7)Se 4 tetrahedra. These units of seven tetrahedra are linked into two-dimensional buckled layers ( Fig. 7(b) ) by the terminal Se vertices. Rotation by 90°of the layers depicted in Fig. 7(b) , followed by their linkage through the corner of the capping tetrahedron, (In(1)Se 4 ), results in the formation a three-dimensional framework, illustrated in Fig. 7 
Characterisation
Powder X-ray diffraction data (ESI) collected on the bulk products of the reactions producing 1-5 indicate that 1-5 are the main products of the reactions, and the lattice parameters (ESI) determined for 1-5 using powder X-ray diffraction data are in good agreement with those determined by single-crystal diffraction. Thermogravimetric analysis (ESI) was carried out on handpicked crystals of 1-5 under an oxidizing atmosphere. Compounds were found to be stable up to 180-250°C. The weight loss occurs as a multistage process, with the overall weight change corresponding to the decomposition of the starting material into In 2 O 3 . For 1, 3 and 5, a small increase in weight is observed between 300 and 400°C, suggesting that a selenate, selenite or oxyselenide may form in the initial stages of the decomposition process. The found weight losses, together with those calculated for the removal of the amine are as follows: 
Optical absorption properties
UV-Vis diffuse reflectance measurements (Fig. 8) were carried out to estimate the optical band gap of compounds 1-5. The band gap values, which are given in Table 2 , are consistent with the colour of the crystals (Fig. 8) . For antimony sulphides, the band gap variation has been related to the density of metal centres within the crystal structures. 27 This correlation has been attributed to the weakening of the interactions between anion and cation orbitals with decreasing density, which has an effect on the energy levels at the top of the valence band. As shown in Table 2 This suggests that the perselenide anion contributes to energy levels close to the band gap, and hence may explain the larger band gap found for 5, when compared to those of the materials containing perselenides (1-3) . The band gap variation between 4 and 5 does not follow either the expected trend of a smaller band gap with increasing framework density. This is perhaps not surprising, given that in these materials the connectivity between tetrahedra is very different and they also differ in the presence of Na.
Discussion
Synthetic considerations
The preparation, under mild solvothermal conditions, of compounds containing sulfur-sulfur bonds occurs only rarely. Compound 5 also exhibits a three-dimensional structure, which arises from corner linkage of InSe 4 5− tetrahedra. Only a small number of indium selenide frameworks are known, 2,3,7,9,10 and 5 differs from previously reported examples in its lack of channels or accessible porosity. This material, which is obtained at temperatures at which DABCO decomposes, consists of a highly dense framework, containing only small cavities.
Conclusions
We have demonstrated that bicyclic amines can be used for the preparation of complex indium selenides, containing perselenide (Se 2 ) 2− anions, and identified amine pK a as a significant parameter for the targeted synthesis of perselenides. In addition, the thermal stability of the amine under solvothermal conditions is important in order to produce new structural types. We have also shown that alkali-metal complexes can act as linkages in indium selenide frameworks, and identified a range of entirely new structural building blocks in these materials. These findings indicate that a wide range of complex indium selenides, containing (Se n ) 2− anions and/or alkali-metal complexes, should be accessible through mild solvothermal reactions.
